Abstract Select anthropogenic radionuclides were measured in lichen reference material, BCR 482. This material was originally collected in Axalp, Switzerland in 1991 and is composed of the epiphytic lichen Pseudevernia furfuracea. Samples from three separate bottles of BCR 482 were analyzed for uranium, neptunium, and plutonium isotopes by inductively coupled plasma mass spectrometry and analyzed for 137 Cs by gamma-ray spectrometry. The isotopic composition of the radionuclides measured in BCR 482 suggests contributions from both global fallout resulting from historical nuclear weapons testing and more volatile materials released following the Chernobyl accident.
Introduction
Lichens are well-known bioaccumulators of a wide variety of contaminants, including heavy metals [1, 2] . Lichens uptake metals through several different biological routes, including rapid equilibration with water, entrapment of airborne particulates, and adsorption of cations through exterior cell surfaces [2] . Although in the context of environmental contamination, lichens are most commonly studied for their uptake of inorganic pollutants such as lead or mercury, several studies suggest that lichens can also accumulate radionuclides from the environment.
Early studies of arctic lichens detected radioactive cesium isotopes [3] , fission products [4] , and transuranic elements associated with fallout from atmospheric nuclear weapons testing [5] . More recently, radionuclides attributable to the 1986 Chernobyl accident have been detected in lichen samples collected throughout Europe. Transuranic elements representing a mixture of global nuclear weapons testing fallout and contamination from Chernobyl were observed in Cladonia sp. specimens collected in Scandinavia using both radiation counting methods and inductively coupled plasma mass spectrometry (ICP-MS) [6] [7] [8] [9] [10] . Lichens have also been employed in the evaluation of uranium contamination from industrial sources and depleted uranium (DU) ammunition. For example, analysis of the quantity and isotopic ratios of uranium in epiphytic lichens from the Balkans was used to help rule out the possibility of widespread DU contamination as a result of armed conflicts in the region during the 1990s [11] [12] [13] [14] . More recently, lichen samples were used to assess the airborne transport of uranium contamination in the area surrounding the former site of the Fernald uranium foundry in Southwest Ohio [15] .
Currently, two certified reference materials (CRMs) for lichen are available, IAEA 336 and BCR 482. Both of these materials are certified for trace heavy metals elemental analysis, but not for plutonium, neptunium, or 137 Cs. BCR 482 was prepared by the European Commission Community Bureau of Reference, the precursor agency to the Institute for Reference Materials and Measurements (IRMM), which currently maintains the certification [16, 17] . BCR 482 is composed of the foliose lichen Pseudevernia furfuracea and was originally collected in 1991 from pristine areas near Axalp, Switzerland.
We were interested in measuring the actinide content of BCR 482, as prior measurements of P. furfuracea collected from the Austrian Alps [9] suggested that this material could have elevated radionuclide content due to contamination from the Chernobyl accident and from global fallout due to historical nuclear weapons testing. Herein 
Sample drying
Lichen samples were dried for a minimum of 3 h at 105°C and allowed to cool to ambient temperature in a desiccator over a bed of Drierite before obtaining a dry mass. All sample measurements are reported on a dry mass basis.
137 Cs measurement by gamma-ray spectrometry 137 Cs concentrations were determined by gamma-ray spectrometry. The material contained in each bottle was divided into two sub-samples, which were individually counted for 1000 min on the face of a 73.1 mm diameter 9 84.1 mm thickness ORTEC GEM Series coaxial high-purity germanium (HPGe) detector (relative efficiency of 77.2 %, resolution of 1.99 keV at 1332 keV).
137 Cs concentrations, listed as the number of atoms in the whole sample were calculated as follows: first, the activity measured in each aliquot was calculated using the peak area at 661.7 keV, then applying a geometry-specific detector efficiency correction, and the branch ratio of 85.1 ± 0.2 % for the 661.7 keV gamma-ray; the values obtained for the two aliquots were then summed to obtain an activity from which the number of atoms was calculated.
Sample ashing and dissolution
Lichen samples were ashed in a muffle furnace by gradually increasing the temperature to 550°C and maintaining this temperature for a minimum of 12 h.
Lichen samples were then dissolved using a mixture of concentrated hydrofluoric acid (HF) and concentrated nitric acid (HNO 3 ) (20 mL each). The mixture was heated at medium setting on a hotplate, and after 8 h, additional concentrated HF and HNO 3 (20 mL each) were added to each beaker and evaporated to dryness. Concentrated HNO 3 (20 mL) was added to each beaker, and the samples once again evaporated to dryness. Saturated boric acid (H 3 BO 3 , 5 mL) and concentrated hydrochloric acid (HCl, 5 mL) were added to the sample and the mixture was allowed to stand for 15 min. The final solutions were prepared in a nominal volume of 35 mL in 3 M HCl.
A solution of NIST SRM 4357 was prepared for analysis alongside the lichen samples using a similar dissolution procedure of fuming in an HNO 3 /HF mixture followed by redissolution using H 3 BO 3 /HCl.
Neptunium and plutonium
Neptunium and plutonium were isolated as one purified sample using an anion-exchange method in which both elements are maintained in the same oxidation state during the purification procedure. A correction factor is applied to account for a small but relatively consistent elemental fractionation that occurs during the process. This fractionation correction is applied based on analysis of a mixed 237 Np/ 242 Pu laboratory standard that was processed alongside the lichen samples. The method is detailed in Ref. [18] .
Uranium
Aliquots (2 mL) of the dissolved lichen samples were spiked with a standardized solution of 233 U (LANL stocks) and purified for ICP-MS assay using an extraction chromatography procedure [19, 20] . Aliquots dissolved in 3 M HNO 3 (10 mL) were loaded onto a UTEVA column (2 mL of resin) and washed with additional 3 M HNO 3 (2 9 5 mL). The column was then washed with 9 M HCl (5 mL) and 5 M HCl/0.05 M oxalic acid (2 9 5 mL). The uranium fraction was then eluted with 1 M HCl (3 9 5 mL), evaporated to dryness and then prepared for ICP-MS assay in 2 % HNO 3 . The chemical yield of the analytical procedure is generally greater than 95 %.
Inductively coupled plasma-mass spectrometry (ICP-MS) analysis
Mass spectrometry analysis was performed using a Thermo Fisher X-Series II quadrupole ICP-MS operating at 1400 W forward power with an X S skimmer cone and an ESI APEX-IR sample introduction system. Nebulizer gas flow ranged 0.74-0.78 L/min, plasma coolant gas flow was 13 L/min, and auxiliary gas flow ranged 0.60-0.65 L/min. Sample was introduced by self-aspiration at a flow rate of 0.28 mL/min. Sensitivity at the analyte mass range was *3 9 10 6 cps/ppb and the resolution was 0.75 amu at 10 % of peak height. Oxide formation and doubly charged ion formation was \3 %.
The instrument dead time calibration was performed according to the procedure of Vanhaecke et al. [21] . Corrections for uranium hydride formation were applied to 239 Pu based on measured 238 UH ? / 238 U ratios using natural uranium standard CRM U960. Mass bias corrections were applied to uranium measurements based on the 238 U/ 235 U ratio obtained from measurements of CRM U500.
Results and discussion

Neptunium and plutonium measurements
Three separate bottles of BCR 482 were analyzed for 237 Np, 239 Pu, and 240 Pu. A solution of NIST SRM 4357
was analyzed in parallel with the lichen samples, analyzed in two batches.
SRM 4357
This reference material is composed of a mixture of ocean sediments from Chesapeake Bay on the Atlantic coast of the United States and from the Irish Sea off the coast of the UK near the Sellafield reprocessing facility. Two aliquots of a solution of SRM 4357 were analyzed in separate batches, as well as a dissolution blank. Results of the analysis of SRM 4357 expressed in both atom and activity concentrations can be seen in Table 1 . Measured neptunium and plutonium quantities were highly consistent between runs and agreed well with accepted values for both concentrations and isotopic ratios.
BCR 482
Results of the analysis of three separate samples of BCR 482 are displayed in Table 2 . The measured 239 Pu concentration was consistent between bottles, with an average value of 3.08 (7) 9 10 8 atoms/g. The average 237 Np concentration was 9.85 (36) 9 10 7 atoms/g. The primary sources of uncertainty for these measurements are from the count rates, the concentration of the 242 Pu tracer, and for 237 Np, uncertainty in the chemical fractionation that occurs between neptunium and plutonium. The average measured 240 Pu/ 239 Pu atom ratio 0.188 (5) is consistent with global fallout from atmospheric nuclear weapons testing being the primary source of the plutonium in the lichen BCR 482. In contrast, previous reports of the analysis of Swedish lichens suggest that they contain a mixture of both transuranic elements from global and Chernobyl fallout, with 0.0100 (3) Matteson et al. [18] 0.160 (32) 0.233 (6) Kim et al. [22] 0.240 (12) 8.9 (15) 9 10 The 237 Np/ 239 Pu atom ratio measured for BCR 482 0.320 (9) is somewhat less than expected based on average values for northern hemisphere global fallout reported by Kelley and coworkers 0.48 (7) [23] . The low concentration of 237 Np relative to 239 Pu observed in the lichens could reflect different mobility of the two elements in the environment, or differences in biological uptake or retention time of neptunium relative to plutonium in lichens.
Concentrations of 137 Cs measured in the dry lichen prior to ashing are presented in Table 3 , along with selected isotopic and activity ratios constructed using the plutonium measurements described above. The average measured 137 Cs concentration was 2.43(7) 9 10 9 atoms/g, with a standard deviation in the measurements of 3.0 % (2r). Primary sources of uncertainty for this measurement were counting statistics and uncertainty in the efficiency calibration of the detector. The average 137 Cs/ 239 Pu atom ratio 7.88 (39) measured in BCR 482 is high relative to values characteristic of global fallout, suggesting a significant contribution of 137 Cs derived from the Chernobyl accident. Chernobyl contamination has previously been detected in lichens from the Austrian Alps, with greater deposition of [25] fission products attributable to Chernobyl with increasing elevation due to increased rainout at higher altitudes [9] . The observed 137 Cs/
239
Pu atom ratio in BCR 482 also falls within the range reported for Finnish lichens, where the presence of Chernobyl fallout is evident on the basis of the composition of transuranic elements detected in the same samples [6] .
Cesium measurements
Uranium measurements
Results of the uranium concentration measurements are presented in Table 4 . The isotopic composition of the uranium contained in BCR 482 is consistent with natural uranium. A mean concentration of 0.0601 (9) (1.5 %, 2r) lg/g dry lichen was measured. This value is somewhat lower than the informational value of 0.137 (14) reported for the BCR 482 material.
Source of radionuclides present in BCR 482
Overall, the results of the analyses of BCR 482 suggest that the transuranic elements in the lichen are primarily derived from global weapons testing fallout. However, the Chernobyl accident is a major contributor of 137 Cs content, as significant releases of the more volatile element occurred on days following the reactor explosion and impacted the Alps. Some discrepancies from an idealized mixture are also to be expected due to differences in environmental behavior and volatility of the elements. For lichens, the retention of different fallout elements could also vary due to biological processes, potentially leading to further fractionation between the elements.
Conclusions
BCR 482 has been analyzed for 239 Pu, 240 Pu, 237 Np, and 137 Cs. The results were highly consistent between the three bottles analyzed, both in terms of concentrations and isotopic ratios. Overall, the measurement results were consistent with expectations about the sources of enviro nmental radionuclides in the area of Axalp, Switzerland: both global fallout from atmospheric nuclear weapons testing and fallout from the Chernobyl accident are likely sources of the radionuclides present in BCR 482.
